Redbay ambrosia beetle, Xyleborus glabratus Eichhoff, is a wood-boring pest that has now invaded nine states in the southeastern United States. The beetle's dominant fungal symbiont (Raffaelea lauricola) is phytopathogenic, inducing laurel wilt in trees within the family Lauraceae. Members of the genus Persea are particularly susceptible to the lethal disease, including native redbay (P. borbonia) and swampbay (P. palustris), as well as commercial avocado (P. americana). Cubeb oil lures are the current standard for detection of X. glabratus, but recently eucalyptol and a 50% a-copaene oil have been identified as additional attractants. This study used a combination of binary-choice bioassays, field cage release-and-recapture assays, and a 12-wk field trial to compare efficacy of eucalyptol and copaene lures relative to commercial cubeb lures. In addition, GC-MS was used to quantify emissions from lures field-aged for 12 wk. In laboratory bioassays, copaene lures were more attractive than eucalyptol lures. In field cage assays, copaene lures recaptured a higher percentage of released beetles than cubeb lures. In the field test, cubeb lures captured fewer beetles than copaene lures, and lowest captures were obtained with eucalyptol lures. Combining eucalyptol with either copaene or cubeb lures did not increase captures over those lures deployed alone. Both copaene and cubeb lures were effective in attracting X. glabratus for 12 wk, but field life of eucalyptol lures was only 4 wk, consistent with the quantification of lure emissions. Results suggest that the 50% a-copaene lure provides the best pest detection currently available for X. glabratus.
. Economic impact has been most severe in Florida's Miami-Dade County, where an estimated 12,000 avocado trees have been killed since laurel wilt was first detected in commercial groves in 2012 (FDACS 2012) . Avocado production in Florida was valued at US $21.6 million for the 2014-2015 season (USDA-ERS 2015) . Future spread of laurel wilt could threaten larger avocado production areas located in California (valued at US $328 million, USDA-ERS 2015) and in Mexico (valued at US $1.09 billion, SIAP-SAGARPA 2014). Moreover, there could be severe detrimental effects on forest ecosystems in the western United States (e.g. California bay laurel Umbellularia californica (Hook. & Arn.) Nuttal, Mayfield et al. 2013) and throughout Mexico and the American tropics, areas abundant in lauraceous species (Lorea-Hern andez 2002 , Peña et al. 2012 .
Development of detection systems for X. glabratus has relied on understanding several unique aspects in the chemical ecology of dispersing females. First, since mating occurs with sibling males in the natal gallery prior to dispersal, species-specific pheromones do not appear to be used by X. glabratus. Second, in contrast to the majority of ambrosia beetles (Miller and Rabaglia 2009) , female X. glabratus do not utilize ethanol as a kairomone , Kendra et al. 2014b ). Third, the available evidence suggests that the strongest female attractants are terpenoid kairomones, specifically volatile sesquiterpenes emitted from wood of host Lauraceae (Hanula and Sullivan 2008 , Kendra et al. 2011 , Niogret et al. 2011a ). Based on this information, several field lures for X. glabratus have been developed using plant essential oils naturally high in sesquiterpenes, particularly a-copaene. Initial lures used manuka oil, an extract from Leptospermum scoparium J.R & G. Forst (Myrtaceae) (Hanula and Sullivan 2008) , but these have since been replaced due to their limited field life (Kendra et al. 2012c ) and variable performance . A comparison of seven essential oils identified cubeb oil, derived from Piper cubeba L. (Piperaceae), as a new attractant , and a commercially available lure containing distilled cubeb oil has become the new standard for detection of X. glabratus Kendra et al. 2014b Kendra et al. , 2015 .
Recent research has identified eucalyptol (1,8-cineole; a monoterpene ether), as another host-based attractant for X. glabratus (Kuhns et al. 2014) , and a proprietary essential oil product enriched to 50% (-)-a-copaene content has shown great promise in initial evaluations (Kendra et al. 2016) . The objectives of the current study were 1) to compare relative attraction of eucalyptol and enriched a-copaene lures under controlled laboratory conditions, 2) to evaluate efficacy and longevity of copaene and eucalyptol lures, relative to commercial cubeb lures, under field conditions, 3) to determine if addition of eucalyptol to essential oil lures (cubeb and copaene) would result in synergistic attraction of X. glabratus, and 4) to quantify emissions of attractive volatiles from the copaene and eucalyptol lures (comparable to analyses conducted previously with cubeb oil lures, Kendra et al. 2015) .
Materials and Methods

Field Test
All lures for field evaluation were prepared using commercial plastic bubble dispensers, 29 mm in diameter. Each lure was loaded with a 2-ml sample of either distilled cubeb oil (the standard commercial lure), 50% (-)-a-copaene oil, or 100% eucalyptol, all supplied by Synergy Semiochemicals Corp. (Burnaby, BC, Canada). Lures were then used to bait sticky traps, which were assembled from two white sticky panels (23 by 28 cm; Great Lakes IPM, Vestaburg, MI), using methods previously described .
The field trial was conducted for 12 wk (28 August to 20 November 2014) at a conservation easement on a private cattle ranch in Venus, FL (Highlands County; 27 03'274" N, 81 20'101" W) . This site contained numerous swampbay trees, including a mixture of healthy trees and trees exhibiting various stages of laurel wilt. Treatments included cubeb lure, copaene lure, eucalyptol lure, a combination of cubeb lure plus eucalyptol lure, a combination of copaene lure plus eucalyptol lure, and an unbaited control trap. Cubeb and copaene lures were deployed for the entire 12-wk test, but eucalyptol lures were replaced after week 6 due to rapid elution of this chemical from the bubble dispensers (depletion of substrate from the reservoir was visible through the clear plastic bubble). Experimental design consisted of randomized complete block, with five replicate blocks. Trap placement, servicing, and rotation were conducted using standard field protocols (Kendra et al. 2016) . Sticky panels were collected each week and taken to the USDA-ARS laboratory in Miami, FL, for morphology-based identification of Scolytinae (according to Rabaglia et al. 2006 and Atkinson et al. 2013 ).
Laboratory Bioassays
Insects used in behavioral bioassays were cohorts of host-seeking female X. glabratus collected in flight near the site of the field trial (described above).
Collections were conducted during the late afternoon flight window of X. glabratus (Kendra et al. 2012a ) using a published baiting method (Kendra et al. 2012b) . Beetles were held overnight in plastic boxes with moist tissue, and then used in bioassays the next morning.
Two substrates were used for laboratory bioassays: eucalyptol and a distilled fraction of cubeb oil containing 33% a-copaene (methodology for fractional distillation described in Kendra et al. 2016 ). (Note: bioassays were conducted in 2013 prior to development of the 50% a-copaene lure; the cubeb fraction containing 33% copaene represented the best substrate available to assess relative attraction.) Test substrates (200 mg each) were loaded into commercial plastic bubble dispensers (prepared by Synergy Semiochemicals Corp.).
Using previously developed methods (Kendra et al. 2011 (Kendra et al. , 2016 , binary-choice tests were conducted in a rectangular plastic bin (122 cm length, 61 cm width, 18 cm height; Sterilite, Townsend, MA) fitted with a paper lining to facilitate beetle locomotion. Temperature was maintained at 24 C, and uniform lighting was provided by placing bins on a laboratory bench directly beneath a ceiling fluorescent light fixture. In summary, the bioassay method consisted of placing test substrates on small polystyrene weigh boats (43 by 43 mm; Thomas Scientific, Swedesboro, NJ) located at opposite ends of the bin. Ten beetles were introduced at the center of the arena, held under a glass funnel for 5 min to acclimate, and then released to initiate the choice test. Tests were run for 10 min, and a positive choice was recorded when a female crossed a line in front of a test substrate. Each choice test was replicated six times (with new beetles), switching the position of substrates between replicate runs.
Field Cage Bioassays
Controlled release-and-recapture tests were performed in a screened enclosure to estimate capture efficiency of copaene and cubeb lures versus an unbaited control trap. Test insects were field-caught females obtained with the baiting technique described above; the enclosure was a greenhouse cage (1.83 m cube; BioQuip, Rancho Dominguez, CA). Tests were run from April through July 2015, at Archbold Biological Station (27 10'812" N, 81 21'143" W) in Lake Placid, FL, using methods described previously . In brief, a single baited sticky trap was hung inside the cage, 10-15 females were introduced on moist filter paper, and the percentage of females recaptured after 7 d was recorded. The test was replicated six times for each lure treatment, using a fresh lure for each replicate run.
Chemical Collection and Analysis
Emissions from the copaene and eucalyptol lures were quantified by methods identical to those reported for the cubeb lure (specific details of chemical analyses given in Kendra et al. 2015 and references therein). To summarize, new lures (three replicates of each) were field-aged for 12 wk in Miami, FL (concurrent with the 12-wk field test conducted in Venus, FL). After 24 h, and at regular intervals thereafter, lures were brought into the laboratory for volatile collections (super-Q adsorbant; Analytical Research Systems, Gainesville, FL) and chemical analysis by GC-MS (ThermoQuest Trace GC 2000, Austin, TX) on a DB-5MS column (J&W Scientific, Agilent Technologies, Santa Clara, CA; Heath and Manukian 1992; Heath et al. 1993; Niogret et al. 2011b Niogret et al. , 2013 .
Initial chemical identifications were made using the NIST Mass Spectral Program version 2.0d and NIST/EPA/NIH mass spectral library (NIST11) when reverse matches and matches were >950 and >900, respectively. The Kovats Retention Index (RI) was calculated for eucalyptol and a-copaene based on separation on the DB-5MS column. To verify identifications, the RI values of sample peaks were compared with RI values obtained from synthetic chemicals. Synthetic eucalyptol (RI ¼ 1045) and a-copaene (RI ¼ 1391) were obtained from Fluka Analytical, Steinheim, Germany.
Statistical Analysis
One-way analysis of variance (ANOVA) was used to analyze results from the field test and release-and-recapture cage bioassays (preliminary two-way ANOVA indicated no effect of replicate block and no interactions); significant ANOVAs were then followed by Tukey Test (P < 0.05) for mean separation (Systat Software 2010). Paired t-tests were used to analyze results from the binary-choice bioassays, and regression analysis was used to document temporal patterns of volatile emissions from copaene and eucalyptol lures (Systat Software 2010). When necessary, data were square root (x þ 0.5)transformed to stabilize the variance prior to analysis. Results are presented as mean 6 SEM; probability was considered significant at a critical level of a ¼ 0.05.
Results
Field Test
There were differences in mean capture of female X. glabratus among the treatments evaluated in the field trial (F ¼ 31.049; df ¼ 5, 24; P < 0.001). Equally high numbers were obtained in traps baited with either the copaene lure or a combination of copaene plus eucalyptol lures, and these two treatments caught significantly more beetles than other treatments (Fig. 1A) . Traps baited with either the cubeb lure or a combination of cubeb plus eucalyptol lures caught the next highest number. Mean captures with the eucalyptol lure alone were not significantly different than random captures with unbaited control traps.
Examination of weekly captures (Fig. 1B) indicated that the copaene lure caught the highest number of X. glabratus on all but one of the 12 wk (captures were equal with copaene and cubeb lures on wk 3). The pattern of captures with the cubeb lure was similar, and mirrored the population fluctuations documented with the copaene lure, but at slightly lower levels. Captures with the eucalyptol lure were consistently lower than captures with the other two lures. After initial deployment, eucalyptol lures caught more beetles than the unbaited control trap up through wk 4 (t ¼ 4.000; df ¼ 8; P ¼ 0.004), but captures were no different from the control at wk 5 (t ¼ 0.844; df ¼ 8; P ¼ 0.423) and at wk 6 (t ¼ 0.632; df ¼ 8; P ¼ 0.545). Similarly, with deployment of fresh eucalyptol lures after the wk 6 collections, captures were higher than the control trap up through wk 10 (t ¼ 2.944; df ¼ 8; P ¼ 0.019). However, by wk 11 and 12, eucalyptol lures had lost attraction, and captures were equivalent to those of the control (t ¼ 0.632; df ¼ 8; P ¼ 0.545; and t ¼ À0.508; df ¼ 8; P ¼ 0.626, respectively).
The field test also indicated that there were differences in mean capture of non-target Scolytinae among treatments (F ¼ 5.217; df ¼ 5, 24; P ¼ 0.002). Traps baited with either the cubeb or copaene lure caught the highest number of non-target beetles; however, the addition of eucalyptol resulted in decreased captures with both of these lures, particularly the cubeb lure (Fig. 2 ). All treatments that included eucalyptol had low mean captures of scolytine beetles, none of which differed statistically from those of the unbaited control. Captures included at least 11 species within the Scolytinae (Hypothenemus were not identified to species level), with the majority of species being members of the tribe Xyleborini (Table 1) . After X. glabratus, the three species most commonly observed were Xyleborinus andrewesi (Blandford), Xyleborus bispinatus Eichhoff, and Ambrosiodmus devexulus (Wood). Most species were encountered in low numbers; however, collectively the non-target Scolytinae comprised a significant proportion of the captures, making up 19.2, 31.9, and 38.8% of the trap catch with copaene, cubeb, and eucalyptol lures, respectively.
Laboratory Bioassays
In the bioassay system, four replicated binary-choice tests were conducted to assess relative attraction of bubble lures containing eucalyptol and a-copaene enriched oil ( Table 2 ). The response rate of test insects was high, with an average of 85.8% of the beetles making a positive choice within 10 min. In the first set of experiments, eucalyptol and copaene lures were evaluated separately by pairing them against a blank control (empty polystyrene weigh boat). Of the two, significant attraction of female X. glabratus was only observed with the copaene lure. When the copaene lure was paired against the eucalyptol lure, significantly more females were attracted to the copaene lure. In the last experiment, eucalyptol and copaene were presented concurrently to test for potential synergism in attraction. However, the combination of copaene and eucalyptol lures was no more attractive than the copaene lure presented alone.
Field Cage Bioassays
There were differences among treatments in the mean number of female X. glabratus recaptured after 7 d in the field cage (F ¼ 61.194; df ¼ 2, 15; P < 0.001). Recapture of released beetles was highest with the copaene lure, ranging from 34-50%, with a mean value of 44.02 (6 2.34) % (Fig. 3) . This was significantly higher than recaptures with the cubeb lure, which ranged from 12 to 38%, with a mean recapture of 28.42 (6 3.92) %. Both lures recaptured significantly more beetles than the unbaited control trap, which ranged from 0-8%, with a mean value of 1.38 (6 1.38) %.
Lure Emissions
Terpenoid release rates and temporal pattern of emissions were markedly different between the two lures. With the copaene lure, emissions of a-copaene were fairly low at initial analysis, gradually declined over time, but were still detectable after 12-wk exposure to field conditions in Miami (Fig. 4A) . Emissions of a-copaene were best fit by regression with an exponential decay model (y ¼ 13.11e (À0.05x) ; R 2 ¼ 0.898). In contrast, emissions from the eucalyptol lure were significantly higher at deployment (>30 times higher at 24 h analysis), remained relatively constant for $3 wk, but then declined sharply to undetectable levels after 4 wk (Fig. 4B ). Emissions of eucalyptol were best fit by regression with a polynomial (quadratic) model (y ¼ 366.66 þ 6.52x -0.59x 2 ; R 2 ¼ 0.828).
Discussion
The current study evaluated efficacy of lures containing eucalyptol, cubeb oil, and enriched a-copaene oil for attraction of female X. glabratus. All comparisons used substrates of equal volume, formulated identically in commercial plastic bubble dispensers, and prepared by the same lure manufacturer. Although previous investigations have shown eucalyptol to be an attractant of X. glabratus (Leege and Schmidt 2009, Kuhns et al. 2014 ) and a major component of some lauraceous hosts (Kendra et al. 2014a) , the bubble lure formulation of eucalyptol did not perform well in our field trial. This may have been the result of using a smaller volume of eucalyptol than that used in field tests by other groups (Kuhns et al. 2014 ), but we chose a fixed 2-ml sample for all three terpenoid substrates (equivalent to the commercial cubeb oil lure) to facilitate determination of relative attraction. This volume likely contributed to the short field life ($4 wk) observed with eucalyptol lures (and confirmed by quantification of emissions); the C 10 monoterpene ether eluted more quickly from the plastic dispensers than did the larger C 15 sesquiterpenes found in essential oil lures. However, even with high release rates at initial deployment, the eucalyptol lures caught significantly fewer X. glabratus than either the cubeb or copaene lures. Furthermore, fresh eucalyptol lures were not competitive when paired against copaene lures in our bioassay system, and addition of eucalyptol to copaene lures did not significantly increase (synergize) attraction of X. glabratus in laboratory assays or in the field test. These results suggest that eucalyptol is a weak kairomone, contributing a minor role in the host discrimination process of X. glabratus.
Although copaene lures captured more beetles than cubeb lures, performance of the two lures was remarkably similar on each week of the field test. Both were effective in detecting X. glabratus throughout the course of the test, and the high captures on wk 12 indicate that the attractive field life of these lures exceeds 3 mo, even under the extreme environmental conditions found in south central Florida. In addition, both lures were effective for population monitoring, equally depicting temporal fluctuations in the number of dispersing females. These results are consistent with those reported in an initial evaluation of the enriched copaene lure (Kendra et al. 2016) . The difference in number of captures between cubeb and copaene lures is most likely the result of differences in (-)-a-copaene content (10 and 50%, respectively). Several studies have documented a positive correlation between a-copaene emissions and attraction of X. glabratus to various substrates, including essential oil lures, wood from multiple hosts within the Lauraceae, and wood from a nonhost tree Litchi chinensis Sonn. (Sapindaceae) (Kendra et al. 2011 (Kendra et al. , 2014a (Kendra et al. , 2016 . In addition, a-copaene has been shown to be distributed along a concentration gradient within host trees, with highest levels found in the trunk and large diameter branches , the sites targeted by female X. glabratus for excavation of brood galleries (Maner et al. 2013 ).
In addition to capturing higher numbers of X. glabratus than the cubeb lure, the enriched copaene lure has other advantageous attributes. First, field captures with the copaene lure included a lower percentage (19%) of nontarget Scolytinae than the cubeb lure (32%). The commercial cubeb lure contains an essential oil product that has been lightly distilled to enrich the sesquiterpene content. However, the lure still contains a complex mixture of terpenoids that are not specific in attraction . The 50% copaene lure contains a proprietary oil product that is highly distilled, resulting in fewer terpenoid constituents (and potential attractive kairomones). Second, the field cage experiments indicated that the copaene lure has a higher trapping efficiency, with 44% of released beetles recaptured. Although not optimal, this is an improvement over the current cubeb lure, which recaptured only 28% of the cage-released beetles. Given that the effective trapping distance of the commercial cubeb oil lure has been estimated to be less than one meter (Hanula et al. 2016) , identification of the 50% copaene lure as a stronger attractant for X. glabratus is a significant improvement for detection and potential management of this pest. In addition, the 50% copaene lure is now available commercially, and costs less than the commercial cubeb lure currently used by action agencies for detection of X. glabratus. Fig. 3 . Mean (6SE) percentage of female X. glabratus recaptured 7 d after release in a field cage bioassay. Treatments consisted of bubble lures containing 2-ml samples of 50% a-copaene oil, distilled cubeb oil, and an unbaited control trap. Bars topped with the same letter are not significantly different (Tukey mean separation, P < 0.05).
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